express ALV receptors and also to mammalian 293 cells
Figure 1. Lysosomotropic Agents Block an Early Step of ALV Entry (A) A DNA intermediate of retroviral reverse transcription (Telesnitsky and Goff, 1997) is shown along with oligonucleotide primers specific for the LTR and pol regions that were used for semi-nested PCR amplification of viral DNA products (B-E). (B) Chicken DF-1 cells and human 293 cells that did or did not express viral receptors Tva and Tvb were incubated on ice with ALV-A and ALV-B and infection was then initiated by incubation at 37ЊC
. Aliquots of the cells were taken and the DNA prepared immediately before the temperature shift (0 hr), and at 1, 3, or 6 hr after incubation at 37ЊC. Semiquantitative PCR was performed using the LTR-and pol-specific primers. The PCR-amplified products were visualized on an ethidium bromide-stained agarose gel using a BioRad FluorS imager. (C) Chicken DF-1 cells and primary chicken embryonic fibroblasts (CEF) were infected by ALV (at the indicated temperature and as described in the legend to Figure 1B Step in ALV Replication allow infection. Consistent with the temporal progression of reverse transcription, ALV LTR-specific DNA Using the PCR entry assay, we were surprised to find that the constant presence of lysosomotropic agents products were detected earlier than the corresponding pol-specific DNA products ( Figure 1B) . The appearance blocked the appearance of viral DNA in DF-1 cells and primary chicken embryonic fibroblasts (CEFs) chalof viral DNA required cognate ALV Env-receptor interac-
The Bafilomycin Block Is Overcome at Low pH and Its Effect Maps to ALV Env
To verify that the defect imposed by these inhibitors was due to a failure of acidification, we asked whether the block by bafilomycin could be overcome by incubating cells with bound virus at low pH. Virus-cell complexes were formed on ice in the presence of bafilomycin, and then transferred directly to a pH 5.0 buffer and incubated at 37ЊC. These conditions did not lead to efficient restoration of infection, even after a 30 min incubation (Panels 3 and 4, Figure 3A) , possibly because they interfere with endocytosis (Hansen et al., 1993) . However, infection was efficiently restored at 37ЊC when virus-cell complexes were incubated at pH 7.4 for 15 min to permit endocytosis before reducing the pH to 5.0 (Panels 5 and 6, Figure 3A) . These results suggest the existence of a block to ALV infection when fusion is induced by low pH at the plasma membrane. A similar Figure 3B ). Because these experiments were performed in the continued presence of bafilomycin, they rule out the trivial possibility that this inhibilenged with ALV viruses ( Figure 1C ). The agents used tor interferes nonspecifically with reverse transcription. include the weak bases, ammonium chloride and chloTaken together, these data are consistent with the conroquine; inhibitors of the vacuolar H ϩ /ATPase, concanaclusion that low pH plays a role during ALV entry at a mycin and bafilomycin A 1 ; and the ionophores, monensin step before reverse transcription, either at the level of and nigericin. Control PCR experiments performed usEnv-dependent membrane fusion or uncoating of viral ing oligonucleotide primers specific for the chicken nucleocapsids. ␤-actin gene confirmed that DNA was present in all samTo determine if low pH acts on the viral envelope ples (data not shown). This block was observed when protein, we took advantage of the fact that ecotropic the inhibitor was added either one hour before, or immemurine leukemia virus (MLV) infection of DF-1 cells that diately after, initiating ALV-A infection, but not 30 or 60 express the MCAT-1 receptor (Albritton et al., 1989) is min later ( Figure 1D for ammonium chloride). Since the not inhibited by bafilomycin ( Figure 3C ). This difference common property of these different lysosomotropic in behavior between ALV and MLV is due to properties agents is to elevate the pH within endosomal compartassociated with their envelope proteins. Bafilomycin ments (Duve et al., 1974; Drose and Altendorf, 1997), blocked infection by pseudotyped MLV viruses bearing these data suggest unexpected roles for endocytosis ALV Env, just as it blocked infection by MLV pseuand for a low pH-dependent step at an early time point dotypes bearing the classical pH-dependent vesicular during ALV entry. stomatitis virus (VSV) G protein ( Figure 3C ). Reciprocally, Previously, an inhibitory effect of ammonium chloride ALV pseudotypes with ecotropic MLV Env were resistant on ALV entry was not observed (Gilbert et al., 1990). In to bafilomycin ( Figure 3C ). Control experiments demonthese studies, ammonium chloride was removed ‫6ف‬ hr strated that expression of MCAT-1 in DF-1 cells did not after initiating infection and the effect on virus producaffect the low pH requirement for ALV entry (data not tion was measured several days later (Gilbert et al., shown). These data demonstrate that low pH is required 1990). Under these conditions, influenza A, but not for activation of the ALV Env during entry, but not for ALV-C, virus production was severely reduced, consisuncoating of the ALV nucleocapsid. tent with the conclusion that ALV entered cells by a pHindependent route (Gilbert et al., 1990). However, since Syncytia Formation by ALV Env-Receptor our results demonstrate a block to viral entry in the Complexes Is Low pH Dependent constant presence of ammonium chloride, a likely alterTo test the membrane fusion activity of ALV Env at low native explanation for these results is that ALV entry pH, a cell-cell fusion assay was used. Uninfected was stalled in the presence of ammonium chloride, but chicken DF-1 cells labeled with octadecylrhodamine resumed when it was removed. Indeed, by washing out (R18) were mixed together with ALV-B infected DF-1 ammonium chloride at different time points after begincells expressing EnvB and the green fluorescent protein ning infection, we demonstrate that this is the case (Fig-(GFP Figure 5B ). These data demonstrate that neither low pH, nor receptor bind-
or below (

TM Complex
To directly test whether receptor and low pH activate ing alone, are sufficient to inactivate ALV.
In contrast, virus infectivity was severely abrogated ALV Env, we employed a biochemical assay developed for complete conversion of TM to higher molecular weight forms at 37ЊC ( Figure 6A, lanes 9-11) . However, a molecular weight of 30 kDa in a reducing SDS-containing polyacrylamide gel ( Figure 6A, lane 1) . Similarly, in this case, a large proportion of the TM protein was also converted by low pH treatment alone ( Figure 6A , ALV-A TM proteins isolated from low pH-treated native virions, or from receptor-loaded virions incubated at lanes 7 and 8). These properties are more consistent with the behavior of classical pH-dependent viral glyconeutral pH, were also predominantly monomeric ( Figure  6A, lanes 2 and 3) . However, following a low pH treatproteins. However, since this pH treatment has only a marginal effect on virus infectivity ( Figure 5C ), these ment of receptor-loaded virions at 37ЊC, high molecular weight forms of TM, including a predominant 70 kDa results suggest that the remaining monomeric form of TM (lane 8, Figure 6A ) is functional for viral entry. form were observed ( Figure 6A, lane 4) 
